ABSTRACT: Increasing concentrations of heavy metal ions in aquatic systems have led to a search for very efficient matrices for their removal. Zirconium(IV) phosphate has been used for many years as a cation-exchanger and dispersion of this phosphate on a high surface area silica might be expected to improve the extraction properties of the material.
INTRODUCTION
With the growth of technology and an increasing population, two groups of substances have a lasting effect on the natural balance of the aquatic environment: (i) nutrients which promote unrestricted biological growth and (ii) those which cause oxygen depletion. The latter group of pollutants are trace and heavy metals which tend to accumulate in sediments from which they may be released by various processes of remobilization, thereby reaching human beings where they produce chronic and acute ailments.
Inorganic ion-exchangers are very efficient in removing heavy metal ions from water (Larsen and Vissars 1960) , the separation of metal ions (Sturgeon et al. 1981) , the preconcentration of metals (Terada and Nakamura 1981) and for other analytical purposes (Kvitek et al. 1981) . Specific functional groups or distinct inorganic ion-exchangers may be anchored to solid surfaces in order to immobilize soluble heavy metal ions, thereby increasing their efficiency and performance towards heavy metal ion removal. Silica gel is one, if not the most used, support in this respect since it can be produced with a well-established particle size and well-defined porosity, high surface area, and high mechanical and chemical stability (Iler 1979) , as well as a high resistance towards swelling in solvents (Gushikem and Silva 1990) . Superficial silanol groups react chemically with distinct species thereby allowing the preparation of solids with different surface properties, including highly selective materials.
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The adsorption properties of these functionalized silicas have given rise to a great interest for analytical purposes (Vollet et al. 1989; Boumabraz et al. 1982 ), biotechnological applications (Suckling 1977 Sander and Wise 1987) and for the adsorption of metal ions (Filipov et al. 1981; Shokozhenkin et al. 1988) .
Due to its strongly acidic character, zirconium(IV) phosphate has been studied as a cationexchange material for about 50 years. Attempts have been made to improve the mechanical properties of the material and to effect its dispersion on silica gel (So 1986) . Other studies have also been made to improve the characteristics of zirconium(IV) phosphate (Peixoto et al. 1995; Peixoto 1996) .
In the present work, the adsorption properties and selectivity of silica modified with zirconium(IV) phosphate towards cadmium, copper and zinc ions in the aqueous phase have been evaluated under various experimental conditions.
EXPERIMENTAL Preparation of modified silica samples (SiZrP)
Three samples of modified silica were prepared and are labelled as samples A, B and C below. Sample A was prepared by refluxing to near dryness 40 g silica (80-200 mesh, surface area 422 m 2 /g, as obtained from Fluka) with 6.5 g of pure ZrCl 4 (Fluka) dissolved in 200 ml dried ethanol. The product thus obtained was then transferred to a flask containing 200 ml of an aqueous 0.1 mol/l solution of H 3 PO 4 maintained at room temperature. After stirring with a mechanical stirrer for 3 h to ensure homogeneous conditions, the resulting solid was filtered off and dried by heating at 80ºC. Samples B and C were prepared in a similar fashion using 12.5 g and 25.0 g, respectively, of ZrCl 4 .
Characterization of SiZrP samples prepared
The degrees of functionalization of the modified matrices obtained were determined by analysis of their zirconium oxide and phosphoric oxide content using a Philips XL30 scanning electron microscope with an attached EDX unit operating with an accelerating voltage of 30 kV and capable of a magnification of 10× up to 400 000× at a resolution of 3.5 nm. In all cases, the samples employed for such studies were coated with carbon.
Standard solution preparation
Analytical grade reagents were used in all cases to prepare 0.01 M stock solutions using known amounts of Cd(NO 3 ) 2 , Cu(NO 3 ) 2 and Zn(NO 3 ) 2 all provided by Merck. These solutions were then diluted further for experimental measurements. The concentrations of metal ions in such solutions were measured before and after adsorption by means of a Perkin-Elmer model 2380 atomic absorption spectrometer employing Pye-Unicam hollow cathode lamps.
RESULTS AND DISCUSSION
SEM analyses of the matrices of the three samples prepared (A, B and C) gave the results listed in Table 1 . Small differences between the theoretical and determined values of these percentages may be attributed to the difficulty of access into the solid matrix of either P 2 O 5 or ZrO 2 upon increasing the concentration of the latter in the system. All the sample matrices (SiZrP) were amorphous, the absence of any characteristic lines being attributed to the absence of any distinct phase of the components in the various samples. Taking account of these results, the modification of silica gel brought about in sample A may be represented as:
The corresponding structures for samples B and C are depicted later in the text.
Adsorption parameters
The adsorption of metallic ions by the prepared SiZrP samples was optimized by consideration of the following parameters: contact time, pH, initial ion concentration and determination of the distribution coefficients. Adsorption isotherms for Cd 2+ , Cu 2+ and Zn 2+ ions on the three solid samples prepared were measured at 30ºC in each case. Figure 1 depicts the percentage extraction with time for the various metal ions by sample A at a constant initial metal ion concentration and a fixed amount of adsorbent in the system. Thus, for each adsorbent/adsorbate system, the initial metal ion concentration was 150 ppm, the mass of sample A employed was 0.2 g and the total volume of the metal ion solution was 50 ml. A pH value of 6.0 was maintained throughout each experiment. Evidently, sorption increased appreciably with time up to 60 min contact in all cases, while further increase in the length of contact led to only a limited increase in the percentage extraction achieved.
Attempts were made to establish the type of theoretical equation capable of describing the adsorption behaviour observed experimentally. Figure 2 shows a logarithmic plot of percentage extraction versus time, indicating that such mathematical treatment led to linear plots with distinct intercepts on the y-axis. If it is assumed that such intercepts may be represented as log k and the slope as n, then the kinetics of metal ion adsorption may be depicted by the expression % Extraction = k n , where k and n are constants related to the area of the adsorbing surface and to the adsorptive diffusion coefficient, respectively. To ensure that equilibrium was attained in the various systems studied, a contact time of 120 min was employed in subsequent work.
It is well documented in the literature that pH is a prominent factor in determining the extent of metal ion adsorption from aqueous solution (Youssef et al. 1992) , with the effect of pH being more pronounced when ion exchange is involved in the adsorption process (Mostafa et al. 1996) as in the present studies. In our case the effect of pH was determined using an initial concentration of 150 ppm for each metal ion solution, a mass of sample A equal to 0.2 g and allowing 2 h for the system to come to equilibrium. As expected, the relative adsorption capacity of SiZrP (sample A) depended largely on the pH of the aqueous phase (Figure 3) . Thus, for the three metal ion species investigated, a characteristic plateau for maximal extraction was observed over the pH range 3.5-6.5, with the adsorption of Zn 2+ ions exhibiting a marked sensitivity to variation in the pH even over this pH range (Robert 1990 ). It would appear that the selective buffers used to control the pH of the system interfered with the adsorption of Cu 2+ ions on sample A, although it should be pointed out that the liberation of hydrogen ions from the sample matrix as a result of ion exchange had no effect on the adsorption capacity, thereby indicating that the use of buffer solutions was unnecessary.
Because adsorption from solution involves competition between the solvent and the adsorbate for sites on the adsorbent, it would be expected that the initial concentration of the adsorption solution would be a factor determining the adsorption capacity or the percentage extraction. To investigate this point, other determining factors were maintained constant in the system, i.e. the pH value at 6.0, the weight of sample A equal to 0.2 g, the shaking time equal to 120 min and the volume of the adsorption solution equal to 50 ml, with the concentrations of Cd 2+ , Cu 2+ and Zn
2+
ions being varied between 79.2 mg/l and 404 mg/l. The results obtained are depicted in Figure 4 which indicates that the percentage uptake of each metallic species increased with increasing initial metal ion concentration, attaining a maximum value at ca. 150 mg/l and then decreasing as the initial concentration was increased further. An increase in the extent of sorption with increasing sorption solution concentration (or an increase in the pressure of a gaseous adsorbate) is predicted by all adsorption equations. However, a decrease in the sorption of a solute from solution beyond a certain concentration may be attributed to a decrease in ionic mobility with an increase in the ion concentration (Voyutsky 1975) .
Figures 5 to 7 depict the adsorption isotherms for the Cd
, Cu 2+ and Zn 2+ ion at 30ºC on samples A, B and C, respectively. The isotherms, which are all of type L (Langmuirian) in the Giles classification (Giles et al. 1960) , are typical for those characterizing adsorption from solution. For this reason, the Langmuir equation, i.e.
where C e is the equilibrium concentration (mg/l), x/m is the amount adsorbed at equilibrium (mmol/g) and Q 0 and b are Langmuirian constants related to the adsorption capacity and adsorption energy, respectively, has been applied to the data obtained in present study. The values of the corresponding Langmuirian constants are listed in Table 2 having been determined from the linear plots obtained from an application of equation (1) to the adsorption data obtained for the various metal ions on samples A, B and C. Inspection of the data listed in Table 2 indicates the following:
Sample A exhibited the highest exchange capacity for all the metal ions studied whereas sample C showed the lowest capacity. The three samples A, B and C studied exhibited different exchange capacities for the various metal ions. Thus, for example, the capacity of sample C for Cu 2+ ions was ca. 75% of the capacity of sample A for the same metal ion. However, for the Zn 2+ ions, sample C exhibited an exchange capacity that was only equal to 11.6% of that of sample A. The exchange capacities of all the solid samples towards the metal ions investigated followed the order Cd 2+ > Cu 2+ > Zn 2+ .
The affinity of metal ions for the various solid adsorption matrices examined was determined by calculating the distribution coefficients via the equation:
where C 0 is the initial metal ion concentration (mg/l), C e is the equilibrium concentration of the metal ion in the solution contacted with the solid phase (mg/l) and W is the weight of the solid phase employed (g). The distribution coefficients were determined for each point on the isotherms depicted in Figures 5-7 , the corresponding plots of D versus [M 2+ ] being depicted in Figures 8-10 for samples A, B and C, respectively. These plots show that, for a fixed amount of adsorbent, with all the SiZrP samples and also all the metal ions investigated both the extent of adsorption and the 2+ ions and exhibited their lowest affinities for Zn 2+ ions. It has already been stated above that, under the same experimental conditions, sample A was the most efficient for the adsorption of the ions studied. This may be explained as follows. Samples A, B and C had the same P 2 O 5 content as determined by SEM methods (» 2.43 atom%), while the ZrO 2 content of sample B was ca. twice that of sample A. In addition, the ZrO 2 content of sample C was ca. 3.2-times greater than that of sample A. It therefore appears that the structure of the most effective modified form of silica was obtained when it was allowed to react with ZrCl 4 in a 1:1 ratio (Noemi et al. 1998): Hence, with samples B and C, the excess ZrO 2 was not involved in the formation of the most effective modified form of silica but could have enhanced polymerization through the formation of oxygen bridges to give: This polymerization product probably occupied a finite fraction of the silica surface and thereby inhibited the formation of the most effective modified form.
CONCLUSIONS
Functionalized silica is a modified form of the material with well-defined characteristics which meet the requirements of different applications. For many years it has been known that zirconium(IV) phosphate is an effective cation-exchanger and dispersions of the phosphate on silica as a support give an SiZrP matrix with a very high capacity for the extraction of Cd 2+ , Cu 2+ and Zn 2+ ions from their respective aqueous solutions. Maximum extraction occurred at a metal ion concentration of ca. 150 ppm and a pH value in the range 3.5-6.0. The most efficient matrix for such cation extraction was obtained when ZrCl 4 reacted with silica in a 1:1 ratio. 
